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Complementary to the experimental studies on magic Ba clusters@Rayaneet al., Phys. Rev. A39, 6056
~1989!#, it is theoretically found that magic Ba clusters with 13, 19, 23, 26, 29, and 32 atoms have icosahedral
or polyicosahedral structures, which are induced by 5d-electron bonding. As the cluster grows, the average
binding energy and mean bond length increase, while the highest occupied–lowest unoccupied molecular-
orbital gap decreases. Due to the large atom size of Ba, there are large cavities in magic Ba clusters, where O
atoms are trapped in the oxidation, and a small amount of oxygen can sustain the structural skeleton, which




















































One of the significant goals in cluster science is to und
stand how physical properties and structures evolve from
atom to a molecule, to cluster, and in the end to a bulk ph
In this sense, divalent metal~Be, Mg, Ca, Sr, Ba! clusters are
especially interesting systems. Due to the closed-shellns2
electronic configuration of their atoms, they can exhibi
nonmetal-metal transition as the cluster size increases. T
dimers are weakly bonded and as the cluster size increa
the valences states hybridize with the unoccupied state
which leads to the metallization. Therefore, many stud
were devoted to the divalent metal clusters. It has been fo
that the magic numbers for Be clusters are 4, 10, and 17@1#.
Larger Be clusters are based on a trigonal prism struc
similar to the hcp bulk; Be13 is not an icosahedron, and the
is a remarkable tendency toward two-dimensional grow
pattern related to hcp packing, which suggests that di
tional bonding is important in these clusters@1#.
For Mg clusters, tetrahedron and trigonal prisms are t
important constituents of the structure to which atoms can
added by capping the faces@2#, and the magic numbers ar
found to be 4 and 10@2#, which can be understood in term
of a filling of the electronic shells in a spherical jellium
model @3#. For a Sr cluster, a recent experiment@4# found
that the magic numbers are 11, 19, 23, 34, 43, 52, 61, and
However, for a Ba cluster, the magic numbers are qu
different. They are 13, 19, 23, 26, 29, and 32@5#, which are
in agreement with the icosahedral sequence. In partic
even after oxidation, the magic numbers do not chan
Ba13O, Ba19O, and Ba23O are still magic@6#. Thus the fol-
lowing questions arise.
~1! Although the magic numbers for Ba clusters are
same as for the icosahedral sequence, do small Ba clu
really grow in an icosahedral pattern? Icosahedral growth
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rare-gas clusters can be understood in terms of spheric
symmetric pairwise interactions and a close packing of
Mackay icosahedral structures@7#. If small Ba clusters do
grow in the icosahedral growth mode, what is the grow
mechanism?
Although more than ten years have passed since the
identification of magic numbers for Ba clusters@5#, no paper
answering these questions has been published. As far a
know, only small Ban (n52 –14) clusters have been the
retically studied@8#.
~2! In alkali-metal~Li, Na, Cs! oxide clusters@9–12#, one
oxygen atom localizes the valence electrons from two alk
metal atoms; the remaining valence electrons from the o
alkali-metal atoms are delocalized within the cluster, wh
can cause clusters to be magic in the form of (M2O)Mn with
shell closings~e.g.n58, 20, and 40 for Li;n58, 18, 34, 58,
and 92 for Cs!. If this trend is followed in Ba oxide clusters
it seems that one oxygen atom should localize the vale
electrons from one Ba atom, i.e. (BaO)Ban should be magic,
with n513, 19, and 23. However, this conflicts with th
xperimental results. Why does oxidation not change
magic numbers? What is the role of the oxygen in the str
ture?
Theoretical studies concerning the above questions
highly desirable. In this paper we try to answer these qu
tions by using first-principles methods.
II. THEORETICAL METHOD
Ab initio methods based on density-functional theo
~DFT! are well established tools to study structural prop
ties of materials. In particular the plane-wave basis and
pseudopotential method, combined with DFT, have provid
a simple framework in which the calculation of Hellman
Feynman forces is greatly simplified, so that extensive
ometry optimization is possible. However, for oxygen, due
the lack of corresponding core states for cancellation,
tightly bound 2p valence wave functions are sharply peake
As a result, in the conventional pseudopotential schem





































































WANG, SUN, YU, GU, KAWAZOE, AND HASHI PHYSICAL REVIEW A62 063203relatively hard pseudopotential has to be generated, an
relatively large number of plane-wave basis functions
required in calculations, which causes some difficulties
studies of the structures of oxide clusters. In the present
culations, we used anab initio ultrasoft pseudopotentia
scheme with a plane-wave basis~the Viennaab initio simu-
lation program! @13–15#, in which the finite-temperature
local-density functional theory developed by Mermin@16# is
used, and the variational quantity is the electronic free
ergy. Finite temperature leads to a broadening of the o
electron levels that is very helpful for improving the conve
gence of Brillouin-zone integrations. The electron-i
interaction is described by a fully nonlocal optimized ultr
soft pseudopotential@13#. For oxygen, a 2s22p4 configura-
tion is used as the reference state to construct ultrasoft p
dopotentials; fors andp orbitals, the cutoff radii are 1.40 an
1.55 a.u., respectively. With this ultrasoft pseudopotent
for the O2 molecule, a bond length of 1.21 Å is obtaine
which is in good agreement with the experimental value
1.207 Å @17#. For an H2O molecule, the H-O bond length i
0.963 Å and the/HuOuH bonding angle is 104.9°, als
in agreement with experimental results of 0.9575 Å a
104.51° @17#.
A minimization of the free energy over the electronic a
ionic degrees of freedom is performed using the conjug
gradient iterative minimization technique@18#. In the optimi-
zations of structures, the edge lengths chosen for the su
cubic cell are 33 and 22 Å for pure Ba clusters and small
oxide clusters, respectively. In such a large supercell, we
the G point to represent the Brillouin zone. The exchang
correlation energy of valence electrons is adopted from
form of Ceperley and Alder@19# as parametrized by Perde
and Zunger@20#. The structure optimization is symmetry un
restricted, and the optimization is terminated when all
forces acting on the atoms are less than 0.03 eV/Å.
III. RESULTS AND DISCUSSIONS
In order to test our calculations, first we have perform
numerical calculations on Ba2 , Ba4, and BaO. The obtained
bond length for Ba2 is 4.72 Å; for Ba4 the most stable struc
ture is a regular tetrahedron with a bond length of 4.44
and for BaO the bond length is 2.09 Å. All of these are
agreement with the other theoretical results@6,8#.
A. Structures and growth mechanism of magic Ba clusters
1. Structures
To confirm whether small Ba clusters really grow in
icosahedron sequence, we choose several structures to c
late: polyicosahedral structures@7# with 13, 19, 23, 26, 29,
and 32 atoms, such that the center~s! of the icosahedra
form~s! a monomer, a dimer, an equilateral triangle, a tet
hedron, a trigonal bipyramid, and so on; for some cluste
the calculations are also performed on other structures
listed in Table I. For Ba13 and Ba19 clusters, a polyicosahe
dron ~PICO!, a decahedron~DEC!, and a cuboctahedron ar
calculated. For a Ba23 cluster, a polyicosahedron and a dec
























calculated. The first one is polyicosahedron. The second
also has an icosahedral symmetry structure, composed of
concentric spherical shells: the inner shell is an icosahed
and the outer shell is a dodecahedron, having 12 and
atoms, respectively. The third structure is a Bergman sph
@21#, which exchanges the inner and outer shells in the s
ond structure. The fourth structure has aD4h symmetry
formed of six squares and eight centered hexagons, and i
most stable of the spherical structures of the B32 cluster@22#.
Comparing the average binding energy per atom, we fi
that, among all the isomers, the polyicosahedral structur
most stable, which should be also true for Ba26 nd Ba29
clusters from the general trend, although only a PICO str
ture is calculated for these two clusters. Figure 1 shows
structures of the calculated clusters. Figure 2 shows
changes of the average binding energy per atome, and a
highest occupied–lowest unoccupied molecular-orb
~HOMO-LUMO! gapd, and the mean nearest-neighbor bo
lengthr with the cluster size for PICO structures. We see t
with the increase of cluster size the average binding ene
per atom increases. However, a small oscillation exists fo
Ba32 cluster: the binding energy is a slightly smaller as co
pared to that for Ba29. The HOMO-LUMO gap decrease
rapidly with the cluster size. In clusters, the contraction
the bond length is believed to be a reflection of the surf
effect; as the cluster grows, the mean nearest-neighbor b
length r increases, as indicated in Fig. 2~c!.
2. Growth mechanism
As stated above, small Ba clusters grow in an icosahe
sequence. Why is this? Up to now, it was found that there
two kinds of clusters growing in an icosahedral mode: one
TABLE I. Mean nearest-neighbor bond lengthr (Å), total bind-
ing energyE (eV), the average binding energy per atome (eV),
and the HOMO-LUMO gapd ~eV! for several structures: icosahe
dron ~ICO!, decahedron~DEC!, cuboctahedron~CUB!, polyicosa-
hedron~PICO!, and Bergman sphere~BS!.
Cluster Isomer r E e d
Ba13 ICO 4.289 16.0511 1.2347 0.5885
DEC 14.5379 1.1183 0.0694
CUB 13.7176 1.0552 0.0020
Ba19 PICO 4.320 24.6430 1.2970 0.2821
DEC 22.5055 1.1845 0.2010
CUB 21.6315 1.1385 0.2000
Ba23 PICO 4.340 30.6130 1.3310 0.1505
DEC 28.1175 1.2225 0.1100
Ba26 PICO 4.342 31.0707 1.3509 0.1497
Ba29 PICO 4.345 39.4400 1.3600 0.1400
Ba32 PICO 4.406 43.3280 1.3540 0.0540
IH 42.2272 1.3196 0.0010
BS 34.6560 1.0830 0.0020





























STRUCTURES OF MAGIC Ba CLUSTERS AND MAGIC . . . PHYSICAL REVIEW A 62 063203a rare-gas cluster which can be understood in terms
spherically symmetric pairwise interactions and a close pa
ing of the Mackay icosahedral structures@7#. Another is a
transition-metal cluster: experiments on Ni clusters provid
indirect evidence of icosahedral growth@23#, while enhanced
stability was found for icosahedral structures of Nin clusters
with n513, 19, 23, and 26, by using the embedded-at
method@24#. A recent experiment on Fe clusters provid
clear evidence of icosahedral growth with magic numbers
13, 19, and 23@25#. In the case of Ba clusters, the bondin
features are naturally different from those of rare-gas c
ters, but have one feature in common with Fe and Ni cl
ters:d electrons participate in the bonding. A Ba atom ha
6s2 closed-shell configuration, and low-lying empty 5d and
6p shells; the ground state is 6s2 (1S0), while its first excited
state is 6s15d1 (1D1). Therefore, in Ba clusters, due to th
orbital hybridization, 5d electrons are expected to contribu
to the bonding, which can be detected by Mulliken popu
tion analysis. To this end, with the optimized structure, n
merical atomic wave functions are used as the basis se
the expansion of wave functions. Group theory is used
symmetrize the basis functions, which transforms as on
the irreducible representations of the point group of the c
ter @26#. The 5d, 6s, and 6p orbitals of Ba are used as th
basis set, and the cluster orbitals are expanded in a li
FIG. 1. Calculated structures for Ban clusters (n513, 19, 23,
26, 29, and 32! with some isomers: icosahedron~ICO!, decahedron
~DEC!, cuboctahedron~CUB!, polyicosahedron~PICO!, Bergman














combination of the symmetrized basis functions. The Koh
Sham equation is solved self-consistently with the discr
variational method@27#.
Ba13 and Ba19 are taken as examples of Mulliken popul
tion analysis. For a Ba13 cluster, the average Mulliken popu
lations per atom in 5d, 6s, and 6p orbitals are 0.7794,
0.6865, and 0.5226; while for a Ba19 cluster, the correspond
ing numbers are 0.7929, 0.7770, and 0.4300, respectiv
Furthermore, the HOMO in Ba13 is composed of 79% 5d,
19% 6s, and 2% 6p orbitals. The HOMO in Ba19 is com-
posed of 71% 5d, 22% 6s, and 7% 6p orbitals, as indi-
cated in Table II. We can see that 6s orbitals strongly hy-
bridize with 5d and 6p orbitals, differing from the situations
in Be and Mg clusters@1,2#, where onlysp hybridizations
FIG. 2. Average binding energy~eV!, HOMO-LUMO gap~eV!,
and mean bonding length (Å) as functions of cluster size for po
cosahedral structures, where the points are connected to aid the
TABLE II. Average Mulliken population and orbital compo
nents (%) of the HOMO for Ba13 and Ba19 clusters.
Cluster Average Mulliken population HOMO
5d 6s 6p 5d 6s 6p
Ba13 0.7794 0.6865 0.5226 79.0 19.0 2.0
Ba19 0.7929 0.7770 0.4300 71.0 22.0 7.03-3
WANG, SUN, YU, GU, KAWAZOE, AND HASHI PHYSICAL REVIEW A62 063203FIG. 3. Structures for~a!–~c! Ba13O, ~d!
Ba14O, ~e! Ba13O8, and~f! Ba13O2 clusters, where



















r;exist, resulting in different magic numbers. 5d electrons in
Ba clusters contribute considerably to the bonding, wh
causes small Ba clusters to grow in an icosahedral mod
B. Stability of Ba oxide cluster
As mentioned in Sec. I, experiments show that Ba13O,
Ba19O, and Ba23O clusters are magic, while (BaO)Ban clus-
ters (n513, 19, and 23! are not, Why is this? Due to limited
computer memory, we focus mainly on Ba13O and
(BaO)Ba13 clusters, which can shed some light on this qu
tion.
In a Ba13O cluster, where should the O atom be trappe
We have compared several configurations:~1! The O atom
substitutes for the central Ba atom, which is capped on
threefold site of the icosahedron Ba12O, forming a
(Ba12O)Ba cluster@shown in Fig. 3~a!#. ~2! The O atom is
capped on the threefold site of the icosahedron Ba13 forming
a Ba13O cluster@Fig. 3~b!#. ~3! The O atom is in the intersti
tial site of a Ba13 cluster@Fig. 3~c!#. It is found that the last





atom is 2.13 eV, and the mean nearest bond length amon
atoms decreases to 4.254 from 4.289 Å for a pure Ba13 clus-
ter.
According to the icosahedron growth mode, the struct
of Ba14 is a capped icosahedron. Among all possible confi
rations, we found that the most stable position for an O at
in Ba14 is that the O atom is inside of a tetrahedron co
posed of the capped Ba atom and three surface Ba at
shown in Fig. 3~d!. The average binding energy per atom
this cluster is 2.04 eV, which is smaller than that for a Ba13O
cluster, suggesting that a Ba13O cluster is more stable than
(BaO)Ba13 cluster. This is the reason that a Ba13O cluster is
observed in mass spectra and a (BaO)Ba13 cluster is not.
Why does oxidation not change the magic numbers? F
the structure of the Ba13O cluster, we found that there is
large cavity; the mean bond length of Ba-O is 2.545
which is much larger than the bond length in a BaO m
ecule. Due to the high stability of Ba13, the absorbed oxygen
is trapped in the large cavity. Due to the bonding of 5d














































STRUCTURES OF MAGIC Ba CLUSTERS AND MAGIC . . . PHYSICAL REVIEW A 62 063203accordingly, the situation in Ba oxide clusters is differe
from that of alkali-metal oxide clusters, where one oxyg
atom localizes the valence electrons from two alkali-me
atoms, and the remaining valence electrons from the o
alkali-metal atoms arestill delocalized to form a jellium
sphere@9–12#.
In order to explain the changes in the ionization poten
of a barium suboxide cluster, the authors of Ref.@6# pro-
posed the following idea: the bare cluster Ba13 is a regular
icosahedron, in which the 20 triangles on the surface and
central Ba atom consist of 20 tetrahedrons. If the possib
for an oxygen-containing tetrahedron sharing one face is
cluded, there are altogether eight nonadjacent tetrahed
which means that the maximum number for O atoms
cluded in a Ba13 cluster without destroying the structur
skeleton is 8, beyond which the structural transition will ta
place.
We put eight oxygen atoms in eight nonadjacent tetra
drons of an icosahedral Ba13 cluster, forming a Ba13O8 clus-
ter. The optimized structure is shown in Fig. 3~e!. However,
contrary to the expectation of Ref.@6#, we found that the
icosahedron skeleton has already been broken; the m
nearest-neighbor bond length among Ba atoms decrease
ther to 4.170 Å, and the symmetry for a structural skele
composed of 13 Ba atoms changes toCs from I h in the
icosahedron. This is the reason that no high peak is found
a Ba13O8 cluster in the mass spectra@6#. Why can a high
content of oxygen destroy the structure? To illustrate this,
calculated a Ba13O2 cluster, and found that in a stable stru
ture the two oxygen atoms are positioned as far apar
possible, as shown in Fig. 3~f!, which is in agreement with
the expectation that it is not preferable for two oxygen ato
to be adjacent@6#. If there is too much oxygen, the stron



























the maximum number of oxygens in a Ba13 cluster is three
@6# or four @28#, but not eight, which is completely differen
from the cases of Fe~Co, Ni! oxide clusters. It was found tha
M13O8 andM9O6 are magic forM5Fe, Co, and Ni@29–31#.
One possible reason for this difference is the magnetic in
actions, which is absent in Ba oxide clusters.
IV. SUMMARY
By using anab initio ultrasoft pseudopotential schem
combined with a molecular-orbital method, the structures
magic Ba clusters and Ba suboxide clusters were stud
The growth mechanism for a Ba cluster was discussed,
the effect of oxygen on Ba cluster structures was analyz
The following conclusions were obtained:~1! Small Ba clus-
ters grow in an icosahedral mode, which is induced
5d-electron bonding.~2! Due to the large atomic size of Ba
there are large cavities in magic Ba clusters, which make
magic Ba clusters able to trap O atoms. A small number
oxygen atoms can sustain the structural skeleton, whic
why barium suboxide clusters can have the same magic n
bers as pure barium clusters@6,28#. However, the polyicosa-
hedron structural skeleton will be destroyed if the content
oxygen is too high. This study will shed some light on t
bonding features of divalent metal clusters.
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